We elaborate our theoretical framework to treat low-energy electron scattering from helical macromolecules. A model of simple scatterers organized into a helical structure is proposed with application to base-pair arrangements in DNA. We extend our analysis to A-type DNA as well as nonperiodic arrangements in B-type DNA. Diffraction patterns due to base-pair spacing are observed under all conditions. We discuss the role of electron diffraction in electron attachment to the bases leading to the formation of shape and core-excited resonances. The decay of such transient anions into dissociative-state channels producing DNA strand breaks is also described. We find A-type DNA to be much more sensitive to low-energy electrons than B type.
I. INTRODUCTION
Low-energy electron-molecule scattering has been studied for more than half a century and considerable advances have been made at both the theoretical and experimental level [1] [2] [3] [4] . The energy and angular dependence of the magnitude of cross sections for elastic, inelastic, ionizing, and dissociative processes induced by the collision of an electron with a molecule have been obtained from various types of experiments. For nearly the same period of time, theories have been developed to explain the behavior of these cross sections for molecules of increasing complexity and size. Even though reasonably successful, these theories are still limited to the treatment of relatively small molecules, usually composed of no more than a dozen atoms or so [5, 6] . Our theoretical description of electron-molecule scattering is still far from that needed to understand electron scattering from most biological molecules, which are much larger and more complex. Molecules like DNA, which may contain up to 10 10 atoms, are so huge that it becomes obvious that a different approach must be developed to tackle the scattering problem.
A framework has recently been proposed by the authors [7] to describe theoretically low-energy electron (LEE) scattering from such large biomolecules, which have a helical topology. The problem was decoupled into two parts: first the electron interacts with the entire molecule and then the new wave function, defined by the atomic arrangement within the molecule, interacts at a specific site of the molecule (e.g., a basic subunit). This choice was dictated by the important contribution to the scattering cross sections arising from both resonances and electron diffraction at low energies; i.e., electron attachment requires the localization of the electron on a small subunit of the biomolecule and an electron of energy typically 5 -15 eV has a wavelength that is of the order of molecular and intermolecular distances and is thus initially delocalized. In other words, the incident electron is first likely to undergo multiple scattering before interacting at a specific site, where it can be captured in a resonant state. This idea of decoupling the diffracted amplitude from the final local site interaction had previously been successful in describing with R-matrix theory the behavior of the absolute cross section for dissociative electron attachment (DEA) to small molecules embedded in a rare gas matrix [8, 9] . In this case, the scattering separates into two regions: inside the R-matrix sphere, where the matrix elements are those of the gas phase modified by the condensed phase, and outside the sphere, where the interaction with the rare gas atoms is dominant, causing electron diffraction which modifies the vacuum electron wave function.
In this paper, we elaborate our theoretical framework to treat LEE scattering from helical macromolecules. We first address the multiple scattering problem and then examine the various parameters that influence the coupling of the diffracted wave to electron states localized on basic subunits. More specifically, we extend our analysis to the problem of LEE scattering from A-type DNA as well as to that of nonperiodic sequences in B-type DNA. The DNA molecule consists [10] of two polynucleotide antiparallel strands having the form of a right-handed helix and composed of repeated sugar-phosphate units hydrogen bonded together through the four fundamental bases, which are covalently linked to the sugar moiety of the backbone. This is illustrated in Fig. 1 for a short double-stranded segment. It consists of two sugar rings with the bases guanine and adenine, hydrogen bonded to cytosine and thymine, respectively. The bases are chemically bonded to the sugar-phosphate unit. Under dry conditions, DNA still contains on average 2.5 water molecules per base pair [11] which easily fit in the grooves of the helix; these H 2 O molecules are an integral part of the DNA structure. It should also be mentioned that the negative charge on one of the oxygens of the phosphate group is counterbalanced by a cation such as Na + . In B-type DNA, the crystallographic (averaged) structure resembles that of a twisted ladder with base pairs defining the rungs and the backbone providing the side support. The helical pitch, that is, the distance for a full turn of the helix, is 3.4 nm and there are 10 rungs per turn. The base pairs are relatively planar and lie perpendicular to the helix axis. In A-type DNA, however, the vertical stacking is appreciably smaller. There are 11 residues per turn and the pitch is 2.8 nm. Moreover, there is an important tilt of 20°of the base pairs with respect to the helix axis in the B form.
Our interest to describe LEE interactions with DNA stems in large part from their importance for the field of radiobiology and consequent applications in radiotherapy and the environmental sciences. In fact, many of the mutagenic, genotoxic, or lethal effects of ionizing radiation can be traced to physical and chemical modifications of cellular DNA [12] [13] [14] . These lesions are induced by secondary species, generated by the primary ionizing radiation. The secondary electrons of energies below 20 eV are the most abundant of these secondary species [15, 16] . About 4 ϫ 10 4 secondary electrons per MeV of deposited energy are created along ionizing radiation tracks. These electrons are known to efficiently dissociate organic molecules, on subpicosecond time scales, in either the gas [2] or the condensed phase [17] . Thus, the genotoxic effects of LEEs ͑Ͻ20 eV͒ must be closely investigated in order to achieve a more complete understanding of the basic mechanisms involved in nascent radiation damage to living tissue.
Many experiments performed in the last five years now clearly demonstrate that LEE can induce considerable damage to DNA and its constituents. Available data on the fragmentation of biomolecules by LEEs have recently been reviewed [18] with emphasis on its implications for damaging DNA and its basic constituents. In recent years, technological advances have rendered possible measurements of LEE scattering and attachment processes in DNA [19] [20] [21] [22] . It has been shown that LEEs can cause considerable damage via the dissociation of specific basic molecular units [21] [22] [23] [24] [25] [26] of the DNA molecule. Such damage was found to be strongly influenced by electron resonances [19, [22] [23] [24] [25] [26] . For example, most of the single-and double-strand breaks induced by LEEs can be related to the formation of transient anions of basic subunits of DNA (e.g., the bases and sugar analogs) and their decay into dissociative electronic states and/or DEA channel [21, [25] [26] [27] [28] . More recently, it has been possible to demonstrate that single-strand breaks (SSBs) can be induced in DNA at energies as low as the nominal zero energy threshold ͑0.1+ 0.3/ −0.1 eV͒ of the electron beam used in the experiment and that the yield as a function of energy exhibits a sharp peak at 0.8± 0.3 eV and a broader feature centered at 2.2 eV [29] . These features were interpreted to arise from the decay of shape resonances into the DEA channel. It was suggested that these resonances are formed by electron attachment into the empty ‫ء‬ and ‫ء‬ valence molecular orbitals of the phosphate group and the DNA bases, respectively. This shape resonance mechanism is of particular importance, since it is expected to play a role not only in DNA radiolysis, but more generally in electron-DNA interactions related to the transport of charge along DNA strands, electron transfer to and from DNA, with possible applications to molecular electronics, which have generated an enormous literature. In fact, anion states created by occupation of the normally unoccupied valence molecular orbitals of a basic DNA constituent are an ingredient common to many of the processes above, albeit not always specifically recognized. In perhaps the most ephemeral example, such orbitals on bridging molecules serve to couple donor and acceptor moieties through the superexchange mechanism [30] , even though the orbitals are not occupied in the normal sense.
We shall now proceed, in the next section, with the full description of the scattering model for treating electron multiple scattering in regular and irregular helical structures. We further indicate how a link can be established with resonant electron attachment. An illustrative model calculation is performed using the general topology and structure of the two forms of DNA described in this section. We then go on to discuss the implications of the results of our simulation. We end with a discussion.
II. SCATTERING MODEL
In Ref. [7] , henceforth referred to as I, we presented the basic equations for electron multiple scattering in macromolecules, including DNA. For the latter, we proposed a simple model of molecular subunits (i.e., bases, sugars, and phosphates) immersed in an optical potential U op , which is constant between their R-matrix shells (or between the muffin tins), a working hypothesis that has been used in the calculations for simple molecules [31] and in the theory of lowenergy electron diffraction in solids [32] . One can quite generally describe the scattering problem of a molecular subunit by its scattering matrix S LL Ј [33, 34] . Each molecular subunit has an incident plane wave of momentum k ជ impinging on it plus the scattered waves of all other subunits. More specifically, the asymptotic form outside the R-matrix shell of the total wave function k ជ ͑n͒ ͑r ជ͒ for a molecule centered at R ជ n was given by the following equation:
where Y L are spherical harmonics with L = ͑l , m͒, j l and h l Ј are the spherical Bessel function and Hankel function of the first kind, respectively, r ជ n = r ជ − R ជ n , and
where
m 3 ͒ is the Wigner 3-j symbol [35] , and R ជ
As mentioned before [7] , this would prove arduous if not impossible to solve were it not for the loss of coherence of the electrons due to inelastic collisions and to the presence of parasite scatterers (e.g., the structural water molecules in the grooves could be considered as such). These processes can be invoked through an imaginary part in the background optical potential U op [32] , i.e., an imaginary part to the electron wave number Im͑k͒ = −1 . Here acts as a coherence length for the electrons. As we will show, this allows approximate though accurate local solutions by truncated finite-size matrices containing the information for the number of subunits within a few coherence lengths. We now wish to show how calculations can be done first for regular helical ordering and then generalize to nonregular or random situations. We then propose an application to resonant capture.
A. Regular helical structure
Let us assume the presence of a screw symmetry operation S = R, where is a translation of z o = c / N c along the helical axis ẑ and R is a rotation by an angle o =2 / N c . Here N c is the number of residues (e.g., base pairs in DNA) per turn and c is the pitch (displacement in a full turn) of the helix. One has SR ជ n ϵ R ជ Sn = z o ẑ + RR ជ n . In its present form, Eq. (2) is not suitable for reduction by the screw symmetry. Let us first refine our convention for the choice of the reference axes for the spherical harmonics and the S matrix. We shall use the local reference axes ẑ, the screw axis, and n , a transverse direction ͑ẑ · n =0͒ locked to the orientation of the nth scatterer (note that any reference direction anchored to a subunit will do). We define Y lm ͑⍀ ͑n͒ ͒ to refer to the nth scatterer's reference axes. With this new convention, a change of reference implies
Furthermore, the invariance property of the subunits is expressed as
With this choice, one has ⍀
Applying S to both sides of this last equation, one gets
. This suggests constructing basis functions of the star of the wave vector k ជ [36] B pL
for which
These basis functions are eigenstates of the screw operator. Because of this last relation, we shall subdivide the index n into two subindices ͑n z , n b ͒ where n z refers to bands or slices associated with residues in the ẑ direction of thickness z o and n b =1¯N b to each of the N b scatterers within each band. Note that Sn = ͑n z +1,n b ͒. With this notation, one has the important property
which greatly simplifies the solution. Using this last equation in (3), one gets
The number of coupled scatterers in Eq. (8) has been reduced to N b . This is much less than in the situation using only the Bloch theorem [36] since there are N c more scatterers in the unit cell than in a slice.
B. Irregular helical structure
In the absence of a screw symmetry, the calculations become more tedious but still manageable essentially because of the finite coherence length . One has to choose a basic structural unit or basis of length ᐉ that includes a region of interest of the helix appreciably longer than . This is required to ensure that the contribution to Eq. (2) coming from the edges is reduced due to phase decoherence by the factor Ϸexp͑−ᐉ /2͒ in the central portion of the structural unit. One can then solve Eq. (2) for this isolated basis or, better yet, impose periodic boundary conditions, by choosing ᐉ to be a multiple of c, and use Bloch's theorem. This has the advantage of mending the basis ends that would otherwise have been badly treated in the more direct alternative. One can then write
where the lattice translation ⌼ is defined as ⌼R ជ n ϵ R ជ ⌼n = R ជ n + ᐉẑ. Equation (2) then involves only the number of molecular subunits within the basis, even though the sum over nЈ extends beyond it. Alternatively, if ᐉ is not a multiple of the pitch length c, one can impose a screw symmetry in which is a translation of z ᐉ = ᐉ along the helical axis ẑ and R is a rotation by an angle ᐉ = ᐉ o / z o and proceed as in the previous subsection.
C. Resonant capture
In an effort to extract physically meaningful information from the multiple scattering formalism, we had targeted in I a calculation of the capture amplitude V k ជ ͑c͒ of an electron in a shape resonance of a basic subunit C positioned at R ជ c , representing one of the DNA bases. We had assumed a dominant capture channel symmetry corresponding to L o and had used the one-center approximation of O'Malley [37] for the capture amplitude. When generalized to a multiple scattering situation, this led to
and V L o is an energy and nuclear coordinate dependent amplitude. These equations are obtained by expanding the electronic wave function around R ជ c . We had not, however, extended our analysis to include the perhaps even more important process of electron attachment with core excitation. 
one obtains
where 
Consequently, the same fundamental combination expresses the effect of multiple scattering on the capture amplitudes of both shape and coreexcited resonances. Moreover, as long as the first maximum of j l ͑kr͒ in Eq. (16), at r = r l Ϸ ͱl͑l+1͒/k, is within the outreach distance R of the molecule, the lth partial wave of the incoming electron has an important probability of presence within the molecule and the matrix element H i→j will be quite substantial. There are no selection rules for the Coulomb interaction.
But when r l Ͼ R, two distinct possibilities arise. If ␥ is contained within R, which we shall refer to as a localized core-excited resonance, then the integration over r is restricted to r Ͻ r l and one can approximate j l ͑kr͒ ϰ ͑kr͒ l . Consequently, H L ϰ k l which is a rapidly decreasing function of k = ͱ 2E in a.u. This effectively acts as an energy cutoff at r l = R i.e., at E Ϸ l͑l +1͒ /2R 2 a.u. which is the same cutoff criterion used in I for shape resonances (E is the height of the centrifugal barrier needed to retain the extra electron).
However, if ␥ is diffuse (e.g., it has a Rydberg character), one can use the spherical harmonic decomposition
in which r Ͻ = rЈ and r Ͼ = r for the greatest part of the integral (16) defining H L when r Ͼ r l . One then obtains
␣␤ is the partial wave component of the molecular excitation. Since the molecular states are not in our situation eigenvalues of the angular momentum, there should normally be contributions from most LЈ. One can thus expect H L to decrease in a milder fashion at low energy for diffuse states as compared to the previous situation when ␥ is localized on the molecule. There is no cutoff in this situation. The electron can excite the molecule from a distance due to the long-range character of the Coulomb interaction and transit to the diffuse state. We now propose the partial capture factor
as a meaningful measure of the effect of multiple scattering on the capture probability in the L o channel for both types of resonances.
III. SIMULATION
Let us now illustrate these procedures by specializing our theory to a helical macromolecule made of repeating rung units (residues) of pseudomolecules (PMOLs) that are constructed from centrosymmetric scatterers. The sum over n in Eq. (2) and (8) then runs over the individual scatterers. Moreover, for single centrosymmetric scatterers, one has
i␦ nl sin͑␦ nl ͒ where ␦ nl is the nth scatterer phase shift. We have used throughout not only the phase shifts of Ar [38] as in our previous calculations, but also those of Kr to investigate the effects of a larger scatterer at certain atomic positions. These phase shifts shown in Fig. 2 were deduced from Ref. [39] by removing the polarization outside the muffin tin. In I, we had used the following parameters: a screw pitch of c = 3.4 nm and a number of residues per turn N c = 10 which are characteristic of the B form of DNA described in the Introduction, the l =0,1,2 phase shifts of the electronically inert species argon, and a value of the wave function coherence length of 20 Bohr radii, that is = 1.06 nm. This value is representative of solids [32, 38] and biological materials [20] ; furthermore, it compensated for the artificial regularity of the helix. We had constructed two PMOLs. These are PC and PG of Fig. 3 built around hexagonal rings of side-length equal to the C-C distance of benzene [6] , 0.14 nm, and a distance of 0.56 nm between ring centers. This ring structure is fundamental to the structure of the DNA bases [10] . The PMOL arrangement bears resemblance to the central part of the C-G base pairing in the B-DNA decamer of Ref. [40] . Finally, we had chosen the incident direction to be perpendicular to the axis of the helix. This choice was suggested by the experiments [19, 27, 20, 28] , in which the damage to the DNA molecule is measured for electrons impinging in a direction normal to a condensed film of the molecule. In such experiments, electrons are thus incident predominantly perpendicular to the DNA strands, which are expected to lie mostly in the plane of the films.
In I, we had plotted the relative partial capture factor ⌫ rel ͑L o ͒ which is ⌫ of Eq. (19) divided by its value without multiple scattering,
͑20͒
for various values of L o . Unfortunately, there was an encoding error of Eq. (8), which originated from the many phase factors in this expression. As a consequence, the calculations were incorrect. They overemphasized the axial redistribution of the scattered electrons, which led us to conclude a sizable increase of capture cross sections in axial channels (small ͉m o ͉). Here, we have redone the calculations of I. The results of I for the Ar scatterer arrangement of Fig. 3(a) and for m o = l o are not considerably modified for l o Ͼ 1 as can be seen in Fig. 4) , i.e., there is little change in the capture probability due to multiple scattering. However, the additional results for l o =0,1 show a different trend. There is an appreciable enhancement for these channels. Note that the l o = 0 curve cor- does not couple to odd parity channels. This quantity serves as a measure of the axial redistribution of scattered electrons and does so in a more sensitive and direct way than in I. Its value is zero for isolated PMOLs. As shown in Fig. 5 , some of the very important enhancements for axial channels reported in I have now been shifted to lower energies, in a range that is not physically important for shape resonances or localized core-excited resonances. In this case, the threshold energy for capture E o = l o ͑l o +1͒ / ͑2R 2 ͒ a.u. is to be evaluated at the outreach distance R Ϸ 5 a.u, typical of the benzene ring [5] . One obtains E o ϳ 1, ϳ3, ϳ6, ϳ11, ϳ16, ϳ22 eV relative to Re͑U op ͒ for l o = 1, 2, 3, 4, 5, 6. Thus, the strong rise in magnitude of the partial waves (4,1), (5,0), and (6,1) with decreasing energy falls in an energy range only accessible to diffuse core-excited resonances. However, the strong maxima in the other partial waves are physically significant for all resonances.
It is interesting to note that the odd parity signals of Fig.  5 are present because of the helical structure. On one hand, they would be absent in a macromolecule having vertical alignment of the base pairs because the base-pair planes then have mirror symmetry. On the other hand, if the twist angle o is too large, the axial overlap decreases and the interference along the helix axis direction is weakened. We have studied different twist angle situations by varying N c , while keeping the inter-rung (inter-base-pair) distance z o constant. The results of this calculation are shown in Fig. 6 . It is quite clear that as N c increases and the base-pair overlap increases, so does ⌫͑0,0͒. It is also seen that ⌫͑1,0͒ has an absolute maximum at N c = 10, the value of the B form of DNA. These same channels bear the clear signature of axial diffraction. It is easily seen in Figs. 7 and 8 that as the inter-rung distance increases from 0.8z o to 1.2z o , the maxima in both the ͑0,0͒ and ͑1,0͒ channels shift to lower energies.
In view of a suspected sensitivity to the phases in Eq. (8), we thought of modifying our PMOLs as shown in Fig. 3(b) , by using the phase shifts of Kr to represent N or O atoms. The results, which are to be compared to Figs. 4 and 5, are shown in Figs. 9 and 10. Aside from more aggressive behavior below 12 eV due to the Kr phase shifts and the ensuing effect on multiple scattering within base pairs, the quantitative behavior is quite similar. This is reassuring, indicating that our model provides trends in the magnitude of the capture cross sections, which are not too sensitive to the phase shifts of the atoms of the DNA bases, although the details of the energy dependence may be different. We have also done a calculation for an irregular structure by building a basis of ten base pairs chosen at random between four possible arrangements: those of Figs. 3(b) and 11, along with their reflections on the horizontal line passing through the helix axis position. This simulates variations in base-pair relative slide and sequencing. With a coherence length of 20 a.u., roughly three base-pair distances z o , a unit cell having the pitch length 10z o is quite long and the end effects should not be too important. In any case, this is just to illustrate the use of Eq. (2) for an irregular helix. As can be seen in Fig. 12 , the diffraction signature in the ͑1,0͒ channel is still quite visible. It is mostly the lower-energy region E Շ 12 eV of the ͑0,0͒ channel that is affected. In this energy range, the multiple scattering, which normally amplifies the base-pair scattering patterns as in Fig. 9 , is less efficient. The PMOL's imprint has thus been attenuated by the disorder. As mentioned in Sec. II when introducing Im͑k͒, disorder is akin to loss of coherence.
Finally, we have considered the A form of DNA. The phase shifts of Ar and the PMOL arrangement of Fig. 3(a) were used in this calculation. Whereas the B form only breaks the z axis mirror symmetry by the twisting of the helix, the base pairs of the A form, described in the Introduction, are known to have a substantial tilt angle of 20°. This leads to additional symmetry breaking. Moreover, the basepair packing is much more compact due to the smaller pitch c = 2.8 nm and a larger number of residues per turn N c = 11.
One might expect considerable differences in multiple scattering interferences. As is seen in Figs. 13 and 14 , the result is spectacular for the odd symmetry channels. The even symmetry channels show the PMOL imprint for energies less than 12 eV. Such a signature was also observed, although at a reduced level, in Figs. 9 and 10. Note that the diffraction peaks have been pushed to higher energy, outside the plotted energy range.
The large increase of ⌫͑L o ͒ as the energy decreases, which is observed throughout our simulations, comes from the rapid rise of the Hankel function
with decreasing kR, which is more pronounced at larger l o . The smaller inter-base-pair distance z o of the A form of DNA is at the origin of the larger values relative to those of the B form.
IV. DISCUSSION
We have studied the effect of diffraction in the ͑0,0͒ and ͑1,0͒ partial waves in the B-form helical structures and found it to be quite robust to changes in the scatterers and to disorder. The diffraction pattern is observed in many odd and even channels: ͑0,0͒, ͑1,0͒, ͑3,0͒, and even ͑4,1͒. This remains so even in presence of disorder (results not shown here). It should be emphasized that disorder is the rule rather than the exception in DNA [10] . We have only simulated the irregular base-pair sequencing typical of the genes. There are also local variations in the inter-base-pair distance and the twist angle. This angle is sensitive to the environment. In solution, for instance, the twist angle is reduced by 4%. There is as well the occurrence of roll of the base pairs, bending of the helix, and dynamic disorder. It is thus important to be able to treat disorder of all kinds. Our proposed approach can do this.
Curiously, the peak in the odd symmetry channels has a height that seems to be optimal for the particular twist angle of B-form DNA. We do not know if there is a particular significance to this finding.
In I, we had discussed the peak in strand breaks of DNA around 10 eV in the light of what we had thought to be a large enhancement in the shape resonance capture channels at that energy. Our findings here are more modest for these resonances but still indicate that large enhancements are possible in the case of core-excited resonances. Due to their longer lifetimes, these are likely to be responsible for the strong peaks observed in the yields of DNA strand breaks [19, 22] induced by LEEs. There is, however, some uncertainty in the energy of the diffraction peaks between even and odd symmetry situations, relative to Re͑U op ͒, which puts them in the 12-16 eV range. To bring them down in coincidence with the 10 eV double-strand breaking peak would require −6 eVՇ Re͑U op ͒ Շ −2 eV, which is not unreasonable. In this case, the energy thresholds E o of the last section, relative to vacuum, would be shifted by some −2 to −6 eV. Therefore, those channels for which l Շ 4 might contribute to shape or localized core excitation resonant capture around 10 eV relative to vacuum. All channels, however, will contribute in diffuse core-excited resonances with substantial enhancement possibilities for the large L o values. It is interesting to note that the energies at which diffraction effects are most prominent lie within the range where most secondary electrons are created in irradiated biological media [15, 16] . We find here that, at least for the partial waves for which diffraction effects are important, the cross section for DNA damage by secondary electrons should be enhanced due to diffraction.
As mentioned in the Introduction, at much lower energies ͑0-4 eV͒, there are also shape resonances which lead to strand breaking [29] . It has been proposed [41] that such low-energy shape resonances may be formed on the bases. The anion thus formed would act as intermediary to sugarphosphate C-O bond breaking via electron transfer. In their electron transmission experiments, Aflatooni et al. [42] do indeed resolve many ‫ء‬ resonances in the 0.5-4.0 eV range for the DNA bases in the gas phase. Our simulations indicate no important enhancement in this range for B-DNA with respect to the single-molecule scattering situation. There is even a slight reduction due to multiple scattering. The situation is, however, quite different for the A form which shows considerable enhancement.
The very special situation observed for the helical structure of the A form suggests that it is very fragile to damage by electrons of low energy. Our data indicate that there might be an enhancement of the resonant capture cross sections by a factor of up to 10 at E ϳ 10 eV relative to vacuum, i.e., 12 to 16 eV relative to Re͑U op ͒) for the ͑3,0͒ and ͑4,1͒ channels in Fig. 14 and for the ͑3,1͒ channel (data not shown) . Similarly, around 5 eV relative to Re ͑U op ͒) or 0 to 3 eV relative to vacuum, the enhancement could also be as large as 10 for the ͑0,0͒, ͑1,0͒, ͑2,0͒ (data not shown), ͑3,0͒, and ͑2,1͒ channels, but only of 2 for the ͑1,1͒ and ͑2,2͒ channels. 
V. CONCLUSIONS
We have treated the problem of resonance electron scattering from large biomolecules having a helical topology. We first considered the diffraction of the electron wave within the molecule followed by a calculation of the electron capture probability at a specific site within the target. By investigating electron scattering from the helical arrangement of the bases within the A and B forms of DNA, we reached a number of conclusions regarding the effects of diffraction on the magnitude of electron waves inside the molecule and on resonant electron capture processes.
Due to diffraction, the partial waves of the incoming electron wave function are considerably modified. As a result, the capture probability at a basic subunit of the macromolecule can be quite different from that for the same subunit isolated in space (i.e., in the gas phase). Intramolecular diffraction not only modifies the amplitudes of the incoming partial waves, but also introduces strong oscillations in these amplitudes as a function of electron energy. One should therefore be careful in interpreting the results of electron scattering experiments from such large molecules. In this case, maxima in inelastic scattering cross sections, which are often automatically attributed to the formation of transient anions, could arise from destructive or constructive interference of dominant partial waves inside the macromolecule. As shown in this work, for DNA the magnitude and energy of these interferences not only depend on the degree of ordering of the bases, but it is also influenced by other geometrical characteristics including inter-base-pair distance and base twist and tilt angle. This has been clearly demonstrated by showing the large differences, between A and B forms of DNA, in the diffracted partial wave content. Of course, the scattering matrix elements for a specific subunit also influence the magnitude and energy dependence of the scattered amplitudes or of a given fragmentation process.
Understanding the differences in electron scattering from the A and B forms of DNA may be of particular importance within the context of low-energy electron impact experiments, which so far have been performed under ultrahigh vacuum (UHV) on thin DNA films deposited on a metal substrate [18] [19] [20] [21] [22] 29] . In these experiments, B-type DNA in solution is lyophilized on the metal substrate, which is then placed in an UHV chamber. Under such high vacuum, DNA loses its water shell and only structural H 2 O remains bonded at specific sites inside the molecule [11] . This water reduction is expected to shrink DNA to its A form [10] so that, although the topology of DNA has not been measured in electron-impact experiments, it is possible that the electrons were actually impinging on A-type DNA. According to the present calculations, this would explain the high efficiency of 0 -4 eV electrons to break a single strand of DNA [29] . Our treatment is well adapted to compare with experiments, since we chose electrons to impinge on DNA at normal incidence. We note, however, that low-energy secondary electrons are created along radiation tracks with a more isotropic distribution. Thus, in a treatment more closely related to radiobiology, the incident electron waves should be chosen as those produced by photoemission in a biological medium (e.g., water). 1 Although the present theoretical framework was applied only to DNA, it would be possible to treat other biologically important macromolecules, such as proteins, with this formalism. Proteins are formed of long polypeptide chains composed of a sequence of amino acids. These chains, referred to as secondary structures, can have two configurations, one extended and the other helically coiled [43] . Thus, our formalism should also be applicable to electron scattering from the ␣-helix secondary structure of proteins whose topology exhibits a periodic helical configuration. In the case of proteins containing only an ␣-helix secondary structure [44] , one could envisage solving the scattering problem for the entire molecule.
